Sex chromosomes have repeatedly evolved from a pair of autosomes. Consequently, X and Y chromosomes initially have similar gene content, but ongoing Y degeneration leads to reduced expression and eventual loss of Y genes 1 . The resulting imbalance in gene expression between Y genes and the rest of the genome is expected to reduce male fitness, especially when protein networks have components from both autosomes and sex chromosomes. A diverse set of dosage compensating mechanisms that alleviates these negative effects has been described in animals 2-4 . However, the early steps in the evolution of dosage compensation remain unknown, and dosage compensation is poorly understood in plants
Sex chromosomes have repeatedly evolved from a pair of autosomes. Consequently, X and Y chromosomes initially have similar gene content, but ongoing Y degeneration leads to reduced expression and eventual loss of Y genes 1 . The resulting imbalance in gene expression between Y genes and the rest of the genome is expected to reduce male fitness, especially when protein networks have components from both autosomes and sex chromosomes. A diverse set of dosage compensating mechanisms that alleviates these negative effects has been described in animals [2] [3] [4] . However, the early steps in the evolution of dosage compensation remain unknown, and dosage compensation is poorly understood in plants 5 . Here, we describe a dosage compensation mechanism in the evolutionarily young XY sex determination system of the plant Silene latifolia. Genomic imprinting results in higher expression from the maternal X chromosome in both males and females. This compensates for reduced Y expression in males, but results in X overexpression in females and may be detrimental. It could represent a transient early stage in the evolution of dosage compensation. Our finding has striking resemblance to the first stage proposed by Ohno 6 for the evolution of X inactivation in mammals.
In Drosophila, the X chromosome is upregulated specifically in males, resulting in complete dosage compensation through both ancestral expression recovery in males and equal expression between the sexes (hereafter sex equality) 7 . In Caenorhabditis elegans, both X chromosomes are downregulated in XX hermaphrodites resulting in sex equality, but only a few genes have their X expression doubled for ancestral expression recovery 8 . In placental mammals, including humans, one X chromosome is randomly inactivated in XX females, resulting in sex equality but without recovering the ancestral expression of sex chromosomes, except for a few dosagesensitive genes whose X expression was doubled in both sexes [9] [10] [11] [12] [13] . In placental females, one of the two X chromosomes is randomly inactivated. But in the marsupials, the paternal X chromosome is consistently inactivated in XX females 14 , and this mechanism also operates in the mouse placenta 15 . More generally, differential expression of the two alleles of a gene depending on their parental origin is known as genomic imprinting 16 . Despite the plethora of studies on gene expression on sex chromosomes, it is not yet clear whether genomic imprinting is commonly involved in the early steps of dosage compensation evolution. In a seminal work, Ohno hypothesized a two-step process for the evolution of dosage compensation 6 . In the first step, expression from the X is doubled, thereby mediating the recovery of ancestral expression in XY males. Second, the resulting overexpression in XX females selects for X inactivation. This scenario is consistent with the fact that sexual selection is often stronger on males than on females. Under this scenario, selection on XY males to upregulate their single X chromosome should be stronger than selection on females, leading to overexpression in females until a second correcting mechanism evolves 3 . However, to understand these early steps of dosage compensation evolution, species with young sex chromosomes must be studied.
The plant Silene latifolia is an ideal model to study early steps of sex chromosome evolution due to its pair of X/Y chromosomes that evolved ~4 million years ago 17 . Dosage compensation is poorly understood in plants 5 . Thus far only sex equality has been studied in S. latifolia. Equal expression levels were observed for males and females for some genes despite Y expression degeneration [18] [19] [20] [21] [22] [23] (see  Supplementary Table 1 for a detailed summary of previous studies). However, the mechanisms through which sex equality is achievedand whether ancestral expression is recovered in S. latifolia malesremain unknown. To address these questions, we have developed an approach relying on (1) the use of an outgroup without sex chromosomes as an ancestral autosomal reference 5 to determine whether X-chromosome expression increased or decreased in S. latifolia, (2) the application of methods to study allele-specific expression while correcting for reference mapping bias 5 , and (3) a statistical framework to quantify dosage compensation 5 . Because only ~25% of the large and highly repetitive S. latifolia genome has been assembled so far 23 , we used an RNA-sequencing (RNA-seq) approach based on the sequencing of a cross (parents and a few offspring of each sex), to infer sex-linked contigs (that is, contigs located on the non-recombining region of the sex chromosome pair) 24 . X/Y contigs show both X and Y expression, whereas X-hemizygous contigs are X-linked contigs without Y allele expression. We made inferences separately for three tissues: flower buds, seedlings and leaves (Supplementary Table 3 ). Results are consistent across tissues (flower buds and leaves are shown in the Supplementary Information). In seedlings, ~1,100 sex-linked contigs were inferred. Among these, 15% of contigs with significant expression differences between males and females were removed for further analyses (Supplementary Table 3 and Methods). These are probably involved in sex-specific functions and are not expected to be dosage compensated 25 . This was done as a usual procedure 
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for studying dosage compensation; however, the resulting trends and significance levels are not affected. About half of the non-sexbiased sex-linked contigs could be validated by independent data using three sources: literature, a genetic map and sequence data from Y flow-sorted chromosomes (see Supplementary Table 4 and Methods). X-hemizygous contigs are more difficult to identify than X/Y contigs using an RNA-seq approach. Indeed, X-hemizygous contigs require X polymorphisms to be detected, which are less common than X-Y substitutions that allow the detecttion of X/Y contigs (see Supplementary Text 1 for details) . This explains conflicting earlier results for dosage compensation in S. latifolia 5 (Supplementary Table 1) . A study using genomic data (that is, not affected by the aforementioned ascertainment bias) found sex equality in approximately half of the studied X-hemizygous genes 23 . In our set of X-hemizygous contigs, no evidence for dosage compensation was found (Supplementary Text 1) . Because this is probably due to the known bias of using RNA-seq, results for X-hemizygous genes are detailed in Supplementary Text 1.
We estimated paternal and maternal allele expression levels in males and females for sex-linked and autosomal contigs in S. latifolia after correcting for reference mapping bias (Methods). We then compared these allelic expression levels with one or two closely related outgroups without sex chromosomes to polarize expression changes in S. latifolia. For autosomal contigs, expression levels did not differ between S. latifolia and the outgroups (Fig. 1 ). This is due to the close relatedness of the outgroups (~5 million years; Supplementary Fig. 1 ) and validates their use as a reference for ancestral expression levels. We used the ratio of Y over X expression levels in S. latifolia males as a proxy for Y degeneration and then grouped contigs on this basis. As expression of the Y allele decreased (paternal allele in blue in Fig. 1 ), expression of the corresponding X allele in males increased (maternal allele in red in Fig. 1 ). This is direct evidence for ancestral expression recovery in S. latifolia; that is, ancestral expression levels are re-established in males despite Y expression degeneration. In females, expression of the maternal X allele also increased with Y degeneration (grey bars in Fig. 1 ), similarly to the maternal X allele in males. The paternal X alleles in females, however, maintained ancestral expression levels, regardless of Y degeneration (black bars in Fig. 1 ). Consequently, sex equality is not achieved in S. latifolia because of upregulation of sex-linked genes in females compared with ancestral expression levels. These results were confirmed in two other tissues and when analysing independently validated contigs only (although statistical power is sometimes lacking due to the limited number of validated contigs; Supplementary Figs. 2-7) .
Upregulation of the maternal X allele both in males and females of S. latifolia ( Fig. 1 and Supplementary Figs. 2-7) establishes a role for genomic imprinting in dosage compensation. To statistically test this inference at the single nucleotide polymorphism (SNP) level, we used a linear regression model with mixed effects (Methods). Outgroup species were used as a reference, and expression levels in S. latifolia were then analysed while accounting for the variability due to contigs and individuals. The joint effect of the parental origin and the degeneration level was estimated, which allowed expression differences to be computed between maternal and paternal alleles in females for different Y/X degeneration categories (Fig. 2) . Maternal and paternal alleles of autosomal SNPs were similarly expressed in females, indicating a global absence of genomic imprinting for these SNPs. However, for X/Y SNPs, the difference between the maternal and paternal X in females increased with Y degeneration. These results were confirmed in two other tissues and when analysing independently validated contigs only (although statistical power is sometimes lacking due to the limited number of validated contigs; Supplementary Figs. 8-13 ).
Previous studies that showed sex equality in S. latifolia could have been explained by simple buffering mechanisms, where one copy of a gene is expressed at a higher level when haploid than when diploid, because of higher availability of the cell machinery or adjustments in gene expression networks 23, 26, 27 . However, the upregulation of the X chromosome we reveal here in S. latifolia males cannot be explained by buffering mechanisms alone, because the maternal X in females would otherwise not be upregulated. Instead, our findings indicate that a specific dosage compensation mechanism relying on genomic imprinting has evolved in S. latifolia. This apparent convergent evolution with marsupials is mediated by different mechanisms (in marsupials the paternal X is inactivated 14 , whereas in S. latifolia the maternal X is upregulated).
An exciting challenge ahead will be to understand how upregulation of the maternal X is achieved in S. latifolia males and females at the molecular level. Chromosome staining data from a previous study suggests that DNA methylation could be involved 28 ( Supplementary Figs. 14 and 15) . However, to test for this hypothesis, the study of DNA methylation patterns will be required in S. latifolia paternal and maternal X chromosomes, along with the homologous pair of autosomes in a closely related species without sex chromosomes. The methylation patterns observed by chromosome staining suggest that dosage compensation in S. latifolia 
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NATure PlANTS might be a chromosome arm-wide phenomenon, if methylation is involved. The position of the genes along the X chromosome remains to be elucidated to assess whether dosage compensation is a gene-by-gene or chromosome-wide phenomenon in S. latifolia. Our study establishes female upregulation of the X chromosome compared with autosomes, as predicted by Ohno 6 . An earlier report in Tribolium castaneum was later shown to be due to biases from inclusion of gonads in whole-body extracts 4 . X overexpression in females may be deleterious. Its occurrence suggests that reduced expression of sex-linked genes in males is more deleterious than overexpression in females. This potentially suboptimal situation may be transitory and a consequence of the young age of S. latifolia sex chromosomes. Sex equality may evolve at a later stage, following the evolutionary path trajectory originally proposed by Ohno for placental mammals 6 .
Methods
Sequence data and inference of sex linkage. RNA-seq data were generated in S. latifolia for a cross (parents and progeny) for three tissues (seedlings, leaves and flower buds) and analysed using the SEX-DETector pipeline 24 . RNA-seq data were also generated for two outgroup species (S. viscosa and S. vulgaris). Reference mapping bias was corrected using the program GSNAP 29 . Inferences of sex-linked contigs were validated using three sources of information (literature, a genetic map and flow-sorted Y-chromosome sequences). See Supplementary Text 2 for details.
Allelic expression levels. Paternal and maternal alleles were identified in the progeny using information from the cross. For example, if the mother is AA, the father AT, all female progeny AT and all male progeny AA, then the Y allele is A, the maternal X is A and the paternal X is T. This classification of allele was inferred probabilistically by the program SEX-DETector, while taking genotyping errors into account. Contig-wise autosomal, maternal and paternal X, Y, X + X and X + Y normalized allelic expression levels were computed by summing read numbers for each X-linked or Y-linked allele for filtered SNPs of the contigs (Supplementary Text 2) for each individual separately and then normalized using the library size and the number of studied sex-linked SNPs in the contig:
where E is the normalized expression level for a given individual, r is the sum of total read counts, n is the number of studied SNPs and l is the library size of the individual (number of mapped reads). Allelic expression levels were then averaged among individuals for each contig. To make S. latifolia expression levels comparable with S. viscosa and S. vulgaris, we estimated S. viscosa and S. vulgaris expression levels using only the filtered SNP positions used in S. latifolia. Normalized expression levels computed as explained in equation (1) in the two outgroups were then averaged together for leaves and flower buds because expression levels are highly correlated (regression coefficient R 2 = 0.7 and 0.5 for flower buds and leaves, respectively, and P < 2 × 10 −6 in both cases). Averaging expression levels between the two outgroups allows us to get closer to the ancestral autosomal expression level.
Sex-biased expression. Sex-biased contigs were inferred as in Zemp and colleagues 30 . See Supplementary Text 2 for more detail.
Expression divergence between S. latifolia and the two outgroups at the contig level. The normalized difference in allelic expression between S. latifolia and the two outgroups was computed to study how sex chromosome expression levels evolved in S. latifolia compared with autosomal expression levels in the two outgroups: Δ is equal to zero if S. latifolia and the outgroups have equal expression levels, Δ is positive if S. latifolia has higher expression levels compared with the outgroups, and Δ is negative otherwise:
Sex-linked contigs were grouped by categories of degeneration level using the average Y over X expression ratio in males. A total of 200 autosomal contigs were randomly selected to have similar statistical power among gene categories. Values of Δ for each allele (maternal and paternal in males and females) and each gene category were compared with zero using a Wilcoxon test. P values were corrected for multiple testing using a Benjamini and Hochberg correction. The estimated median Δ, confidence intervals, and adjusted P values were then used to plot Fig. 1 and Supplementary Figs. 
2-7.
Expression differences between maternal and paternal alleles at the SNP level.
Maternal and paternal allele expressions were compared in S. latifolia for autosomal and sex-linked SNPs. To deal with the difference in numbers of autosomal versus sex-linked contigs (Supplementary Table 3 ), we randomly selected 200 autosomal contigs to keep comparable powers of detection. Allelic expression levels in S. latifolia for each individual at every SNP position were analysed using a linear regression model with mixed effects with the R package lme4. We assumed a normal distribution of the read count data after log transformation. To account for interindividual and intercontig variability, we included a random "individual" and a random "contig" effect in the model. The aim of this modelling framework was to estimate the joint effect of the chromosomal origin of alleles (paternal or maternal in males or females) and the status of the gene (autosomal or sex-linked with various levels of Y degeneration defined by the average Y over X expression ratio in males). Two fixed effects with interaction were therefore considered in the model, see equation (3). To estimate the changes in sex-linked gene expression levels since the evolution of sex chromosomes, we used the average of the two outgroup expression levels as a reference (offset) for every SNP position, divided by 2 to be comparable with S. latifolia allelic expression levels.
All effects of the model (fixed or random) were proved highly significant (P < 2.2 × 10 −16 ) using comparison of the fit of equation (3) with simpler nested models (removing one effect at a time in equation (3)). To statistically test whether there was a difference between the effects of paternal and maternal alleles in females in different degeneration categories, we used the contrasts provided by the lmerTest package in R. This strategy provided estimates, confidence intervals, and P values of the difference between the two effects of paternal and maternal origin in females in interaction with degeneration levels, while normalizing by the expression of the two outgroups. Moreover, the presence of random effects allows us to account for interindividual and intercontig variability. Finally, P values were corrected for multiple testing using a Benjamini and Hochberg correction. These values were used to plot Fig. 2 and Supplementary Figs. 8-13 . 
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Sample size
Genes were grouped on the basis of their Y/X expression ratio category. The ratio values have a biological meaning (from no degeneration of the Y chromosome to complete degeneration). This also lead to similar sample sizes among gene groups.
Data exclusions The genes showing sex-biased expression were excluded for the study of dosage compensation as they are likely involved in sex-specific functions and are not expected to be dosage compensated. This was done as a usual procedure in the literature for studying dosage compensation, however the resulting trends and significance levels are not affected.
Replication
Each variable was computed on multiple individuals with confidence intervals which allowed us to assess the replicability of our results. We also check our results on a set of genes independently validated in the Supplementary material.
Randomization Individuals that were sequenced were categorized according to their species. We take the effect of the individual into account in our analyses with a random effect in linear mixed models.
Blinding
Blinding was not relevant to our study as the gathering of the data is not affected by the category of the sample (sequencing is blind). And thereafter all samples are treated in the same statitical way.
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